campi. Assessment after 7 days survival shows a signifi cant protection against neuronal loss in the CA l zone of the 2-APH-injected hippocampus compared with the contralateral, buffer-injected hippocampus. Systemic in jection of D( -)2-APH (675 mg/kg i.v. at 0 h, 4 h, and 10 h) affords significant protection to CA l hippocampal neurones (as assessed after 7 days). These results suggest that maintained blockade of neurotransmission at the NMDA receptor in the postischaemic period can protect against delayed cell loss. The mechanism may be through antagonism of the excitotoxic action of an endogenous neurotransmitter acting in the postischaemic period. Key Words: 2-APH-CBF -Hippocampus -Ischaemic damage-Protection.
1984; Simon et aI., 1984a) . Following seizure-free recovery periods of 40 min to 48 h, these neuronal changes (as observed by light and electron micros copy) are largely reversible (Griffiths et aI. , 1984; Simon et aI. , 1984a) . However, postischaemic sur vival times of 2-7 days are associated with a fur ther development of pathology (Ito et aI. , 1975; Kirino, 1982; Kirino and Sano, 1984b) . Delayed CAl pyramidal cell death (at 2-4 days) was first de scribed at 2-4 days in a gerbil model of ischaemia (Ito et aI. , 1975) . Progression of pathology in CAl neurones after 48 h, and recovery of CA 3 neurones between 24 h and 36 h, is seen in the 4-vessel oc clusion model of complete ischaemia in the rat (Pulsinelli et aI. , 1982a; Petito and Pulsinelli, 1984) . However, for incomplete ischaemia, the develop ment of cell death following prolonged survival times is not well documented. Although a previous study using a forebrain model of incomplete isch aemia described the distribution of neuronal damage after 7 days survival (Smith et aI. , 1984) , the intermediate neuropathologic state was not studied. We describe here the intermediate stages of neuronal cell death at 0, 4, 24 h and 7 days reper fusion following a period of incomplete ischaemia (Kagstrom et aI., 1983a) .
Preischaemic glucose levels are an important de terminant of ischaemic brain damage (Paljarvi, 1984) . The mechanism is believed to depend on a critical level of cerebral lactacidosis, which is not reached in ischaemia in starved animals. The present study reports the development of patho logic changes in both fed and starved animals. Star vation of animals was necessary to achieve 7-day survival following ischaemia.
There is evidence to show that blockade of excit atory amino acid neurotransmission using the N methyl-D-aspartate (NMDA) antagonist 2-amino-7phosphonoheptanoic acid (2-APH) protects hippo campal neurones from cytopathology developing over 2 h immediately after a 30-min period of fore brain ischaemia (Simon et aI. , 1984h) . However, an effect on local CBF cannot be excluded. In the present study, we have investigated (I) the effect of focal injections of 2-APH on CBF during 30-min ischaemia and over 2 h reperfusion; (2) the delayed development of hippocampal pathology over 7 days following a lO-min period of incomplete ischaemia;
(3) whether or not the protective effect of 2-APH extends to the delayed development of selective neuronal loss (assessed 7 days after a lO-min period of forebrain ischaemia); and (4) the extent of diffu sion of a focal injection of 3 H-2-APH.
METHODS
Male Wi star rats, 180-250 g, were anaesthetised with 2% halothane in 70% N20 and 30% O2 and received atro pine (240 f.Lg/kg i.m.). Animals had free access to food and water, except for rats assessed for pathology and protection in the long-term survival groups ( Table 1) .
Administration of 2-APH
Animals receiving focal injections of 2-APH were im planted with guide cannulae I week prior to the experi ment. Under pentobarbitone anaesthesia (45 mg/kg, i.p.), guide cannulae were positioned on the surface of the cortex (coordinates 3.4 mm anterior to the interaural line, 2.5 mm lateral to the midline) (Konig and Klippel, 1963) .
(:!:: )2-APH (20 f.Lg dissolved in 1 f.Ll of phosphate buffer, pH 7.3; synthesized by Dr. J. Collins, City of London Polytechnic) was injected focally into one hippocampus (over a 3-min period), and I f.Ll phosphate buffer was in jected into the contralateral hippocampus, just prior to the onset of ischaemia. A further two focal injections of 2-APH or buffer were made at 4 and 10 h after the initial injection. Damage due to the focal injection was investi gated in a control group of ischaemic rats that received three injections of buffer into one hippocampus, immedi ately prior to and 4 and 10 h postischaemia (and no injec tion in the contralateral hippocampus).
Animals used to assess protection by 2-APH via a sys temic route received three doses of D( -)2-APH (675 mg/kg, i. v., in 1.8 ml buffer; supplied by Monsanto, St. Louis, MO, U.S.A.), which was administered just prior to and 4 h and 10 h postischaemia.
Preparation of animals and induction of ischaemia
In short-term experiments (fixation after 0 min and 4 h of reperfusion), the left femoral vein and artery were can nulated, and snares were loosely placed around the ca rotid arteries. Animals were paralysed with tubocurarine (4 mg/kg, i.v.), tracheotomised, and ventilation was maintained with 70% N20, 30% O2 , Wounds were infused with 1 % xylocaine and sutured (except for neck wounds). Body temperature and mean arterial blood pressure (MABP) were monitored continuously. Arterial blood gases were sampled at 30-min intervals. Electroencepha logram (EEG) was recorded from platinum needle elec trodes in the scalp. The animals were maintained in a steady state for 30 min (arterial Paco2 34-45 mm Hg, Pa02 > 100 mm Hg). Incomplete forebrain ischaemia was in duced by ligating the carotid arteries and lowering MABP to 50 mm Hg. At the end of the ischaemic period, carotid artery snares were released (restoration of flow was checked visually). and withdrawn blood was infused to restore MABP to above 100 mm Hg. MABP was main tained by administration of donor blood where necessary. Reperfusion was maintained for 4 h. In longer term experiments (24-h or 7-day survival), the left femoral vein and midcaudal artery were cannu lated. Snares were placed around the carotid arteries. Animals were intubated and paralysed with suxameth onium chloride (20 mg/kg, i.v.), and ventilation was maintained with 70% N20, 30% 02' Induction of isch aemia and restoration of brain perfusion were as above. The neck wound was infused with 1% xylocaine and su tured. Suxamethonium chloride was discontinued. Blood pressure was maintained by administration of plasma when necessary. Independent respiration was established within 30-60 min, and the animals were extubated. An imals breathed air enriched with oxygen until locomotor activity returned (90 min to 2 h). Sedation was provided during the initial phase of recovery by a single injection of diazepam (0.4 mg/kg, i.v.).
Regional cerebral blood flow (rCBF)
rCBF was measured by the l 4C-iodoantipyrine method (Sakurada et aI., 1978) , with dissection of brain regions in the following groups of animals: (a) controls (n = 4), (b) 15 min ischaemia (n = 4), (c) focal hippocampal injection of 2-APH followed by 15 min ischaemia (n = 5), (d) focal injection of 2-APH followed by IS-min reperfusion (n = 4), and (e) focal hippocampal injection of 2-APH followed by 30-min ischaemia, with 2-h reperfusion (n = 4).
An arterial sample for blood gas measurements was taken immediately prior to infusion of 14C-iodoantipyrine (Amersham, England; specific activity 53 mCi/mmol, dose 30 f-lCi/ml saline). Measurements of CBF made during the ischaemic period involved infusion of l 4C-io doantipyrine for 40 s, with collection of arterial blood samples at 0, 6,12,18,24,30,35, and 40 s. This extended infusion and sampling period was to protect from further decrease in blood pressure during the ischaemia due to rapid sampling over a short period. Measurements of CBF during the reperfusion period involved infusion of l 4C-iodoantipyrine for 30 s, with arterial blood samples collected at 0, 3, 6, 9, 12, 15, 18, 21, 24, 27 , and 30 s. The heart was stopped in one beat by an injection of 1 M KCl, i. v.; the rat was decapitated, and the brain was rapidly removed and frozen in liquid nitrogen. Brains were dis sected into the required regions at -20°C. Samples of each region were taken from the left and right sides of the brain. Hippocampi receiving an injection of 2-APH or buffer were dissected in such a way that a small piece of tissue (approximately 2 mm square) was sampled from the area around the tip of the injection tract. Brain and blood samples were prepared for liquid scintillation counting.
Perfusion, fixation, and histology
At the end of the reperfusion period, the animals were anaesthetised with pentobarbitone (45 mg/kg, i. v.) and perfused via the ascending aorta with 300 ml of FAM (40% formaldehyde solution:glacial acetic acid:methanol -1: 1 :8), preceded by a brief saline wash, at a pressure of 120 mm Hg.
The brains remained in the skull overnight prior to re moval and paraffin embedding. Sections (10 f-lm) were stained with cresyl fast violet or phosphotungstic acid J Cereb Blood Flow Metab, Vol. 8, No. 1, 1988 haematoxylin (PTAH), and cell damage was assessed at three hippocampal levels (4.0 mm, 3,2 mm, and 2.2 mm anterior to the interaural line) (Konig and Klippel, 1963) by two independent observers under blind conditions. A score of 0-3 was assigned to each section, where 0 is 0%, 1 is 0-33%, 2 is 33-66%, and 3 is 66-100% cells dam aged in short survivals (0, 4, or 24 h) or cells lost in 7-day survivals.
Cell counting
In animals surviving 7 days after an ischaemic insult, the protection afforded to CA l pyramidal neurons by iterative focal injections of 2-APH was assessed by counting the number of neurons (cells in which a nu cleolus was visible) on the 2-APH-injected side com pared with the contralateral buffer-injected side.
Cell counts were performed under light microscopy (using an ocular grid magnification of x 640) at two levels in the dorsal hippocampus (4.0 mm and 3.2 mm anterior to the interaural line) (Konig and Klippel, 1963 ) along a predetermined distance of 3 grid lengths (3 x 470 f-lm) between the CA/CA2 border and the subiculum.
Injection of 3H-2-APH
In two rats, a focal injection of 20 f-lg 3H-2-APH (7,5 f-lCi/f-lI) in I f-ll phosphate buffer was made into the hippo campus, After 10 min, the rat was decapitated, and the brain was removed rapidly and frozen in isopentane at -70°C. Brains were sectioned at -20°C in a cryostat, and the frozen sections were collected on slides, dried on a hot plate, and placed in a cassette with 3H-sensitive LKB film at 4°C for 14 days. The autoradiographs were developed and the sections stained with cresyl fast violet. The extent of the diffusion of the 3H-2-APH was mapped using a rat brain atlas (Konig and Klippel, 1963) .
Statistics
Statistical evaluation of the pathologic score was per formed using the nonparametric Mann-Whitney U-test. Evaluation of cell counts was assessed using Student's t test (a paired t test was used for experiments involving focal injections). All values are given as mean ± SEM, Interregional differences in flow and variations in flow between the 2-APH-injected and buffer-injected hippo campi were assessed by Student's paired t test. Differ ences in flow between different groups of animals were assessed by Student's t test.
Regional cerebral blood flow was calculated on Uni versity of London Computer (7000). In reperfusion studies, values were corrected according to Kagstrom et al. (l983a) . Flow that changed by more than 10% for a 2% change in tissue concentration of radioactivity (Ci) was discounted, and the value used is that which occurs at the "breakpoint" of the curve relating CBF to Ci; values may underestimate CBF in these regions. This adjust ment was necessary only in the group measuring CBF after IS-min reperfusion following 30-min ischaemia and was limited to two measurements of CBF in the frontal cortex and three in the occipital cortex.
RESULTS

Regional cerebral blood flow
Physiologic variables (Table 2) Arterial Peo2 fell within the normal range in all groups except rats subjected to focal injections of 2-APH and 15-min carotid occlusion, where Paco2 fell to about 30 mm Hg. Arterial pH was more acid than normal in all groups exposed to ischaemia and failed to return to normal even in rats subjected to 2-h reperfusion of the brain. Blood pressure in the control and recovery groups was well above 100 mm Hg. In the is chaemic group, MABP was close to 50 mm Hg. Complete EEG silence was maintained in all an imals throughout the ischaemic period.
Degree of ischaemia
There was no significant difference between mean flow on the left and right sides of the hippo campus (Table 3) after 15 min of carotid occlusion. Individual animals showed considerable variation in the degree of ischaemia induced ( Fig. I A) , with flow only moderately reduced in some animals, but, in one case, flow was reduced to values ap proaching zero. Individual animals showed varia tion also in the degree of ischaemia induced on the right and left sides of the brain; values varied by approximately 30%. There was no significant side to-side variation in mean flow in either the control or ischaemic groups for any of the brain regions in-vestigated, so these values have been combined and a mean value for each brain region is given (Table 3) . Carotid occlusion of 15-min duration de creases flow in all structures except the cere bellum. The greatest reduction in flow is seen in the cortex, where CBF falls to between 5 and 10% of control values. Hippocampal flow falls to 22% of control values and thalamic flow to 30% of control ( Fig. 2) .
Reperfusion
There was no significant difference between flow on right and left sides of the brain in any region investigated, so regional values for each animal were combined, and a mean value for each region is given (Table 3) .
At 15-min reperfusion, flow showed a tendency to increase when compared with control values. A significant increase in flow was seen in the frontal cortex (Table 3) , where CBF was raised to bO% of control values (Fig. 2) . At 2-h reperfusion, regional blood flow had returned to control levels (Table 3 , Fig. 2 ).
EHe et of 2-APH
Focal injection of 2-APH had no effect on hippo campal blood flow when compared with flow in the contralateral buffer-injected hippocampus, either during the ischaemia (F ig. IB) or during the reper fusion phase (F ig. I C and D).
Long-term development of pathology and protection by 2-APH
Physiologic variables
Ta ble 4 demonstrates that during reperfusion, Pao2 and MABP were within the normal range in all experimental groups. Pao2 exceeded 200 mm Hg in free-breathing, long-term survival rats, due to ad ministration of an oxygen-enriched atmosphere. A fo cal inje ction of 2-APH(a) was made into one side of the hippocampus. Va lues are expre ssed as mean ± SEM, with significance from control values given as bp < 0.01 and ep < 0.001. Lactic acidosis was prominent early after ischaemia in the fed rats, but was absent in the fasted animals. In all groups, generalised seizure activity was ab sent throughout the reperfusion period.
Hippocampal pathology: No focal injection Fed animals. O-min Repeljllsion: Mild pathology was seen in less than 10% of all pyramidal neurones in 4 of 5 animals. This damage was manifested as type 1 cell change (hyperchromatic cytoplasm with no structural defect) ( Fig. 3A ) and type 11 cell change (hyperchromatic cytoplasm with structural change) ( Fig. 3B ), which was evident in neurones of CAl ' CA 3 , and CA4/polymorphic regions of the hippocampus. The dentate granule cells showed some perineuronal vacuolation in the absence of cellular abnormality.
4-h Reperfusion:
There was no progression of pa thology between 0 and 4-h reperfusion (Fig. 4) , ex cept in the dentate region where perineuronal oedema and type II cell change were more evident. The order of neuronal vulnerability in the 0 and 4-h reperfusion groups was CA 3 > CA4/polymorphic > CAl > dentate granule.
24-h Reperfusion: At this longer reperfusion time, there was evident enlargement of the cerebral ventricles. With light microscopy, vacuoles were prominent in the stratum radiatum. Macrophage in filtration was evident in some animals ( Fig. 3D ). Pa thology at 24 h was more severe in all regions of the hippocampus (Fig. 4) when compared with the 0 and 4-h reperfusion groups (p < 0.05). The most noticeable increase was in the CAl region, where all cells exhibited some pathologic change. Type II cell change was most evident, with some scattered type lIi cell change (classical "ischaemic cell change" with densely stammg, shrunken neurones). CAl cell structure was generally dis torted due to extensive peri neuronal oedema. CA 3 showed mostly type I and type II cell change, with occasional regions of elongated spindly cells ( Fig.  3C) showing type HI cell change. All CA4 pyra midal and polymorphic cells were affected, with type H cell change being the most frequent change (Fig. 3E ). The order of neuronal vulnerability after 24-h reperfusion was CAl > CA 3 > CA4 > DG. Fasted animals. After overnight withdrawal of food, rats developed less ischaemic pathology in all regions of the hippocampus (Fig. 4) .
24-h Repeljusion: Ventricular swelling and vacu olation of the stratum radiatum were greatly re duced. The percentage of the CAl ' CA 3 , and CA4 neurones affected was moderately improved com- pared to the fed group (Fig. 4) . Pathology was re stricted to type I and type II cell change, with type III (classical ischaemic cell change) absent. 7-Day reperfusion: In all cell regions, the per centage of cells affected by ischaemia and the path ologic profile was dramatically different compared with the 24-h group (Fig. 4) . In the CAl region, cell loss was extensive (Fig. 5) , with 116 ± 40 neurones present after 7-day reperfusion, compared with 412 ± 8 neurones in control material. Cell loss was ac companied by gliosis. In the other cell types, neu ropathology was dramatically improved, and in some instances, appearances were completely normal. The order of neuronal vulnerability after 7-day reperfusion was CAl > CA4 > CA 3 > DG (Fig. 4) .
Focal injection of buffer and 2-APH
Fed animals . 4-h Reperfusion: There was no pro tective effect of 2-APH. 24-h Reperfusion: Single or multiple injections of 2-APH did not protect against ischaemic damage.
Fasted animals. 24-h Reperfusion: Single or mul tiple injections of 2-APH did not protect against is chaemic damage. 7-Day repel/usion: The degree of ischaemic damage (assessed as severe, moderate, and mild) in different zones of the hippocampus is listed in Ta ble 5. In all animals, CAl on the buffer injected side either exhibited severe (n = 5) or moderate (n = 3) pathology. 2-APH afforded a pro tective effect to the CAl neurones in 7 of 8 animals.
Although animal no. 3 showed a 2-APH protective effect, the damage was still classed as severe. In 1 of 8 animals (rat no. 5), no protection was evident. Damage to the CA 3 , CA4, and DG cells was gener ally less severe; cells showed no damage or only mild damage in 6 animals. When damage was mod erate to severe in CA 3 , a slight protective effect was evident.
CAl neurone,I' in buff er-injected hippocampus . Severe loss of CAl neurones was accompanied by extensive gliosis (Fig. 6C ). Intact CAl neurones ap peared to be mainly normal, with infrequent evi dence of type I cell change. Multiple injection of buffer alone produced no significant CAl cell loss when compared with contralateral noninjected hip pocampus ( Fig. 7 A) . Buffer-injected hippocampus (receiving 3 x 1 -fLl injections) had 278 ± 26 (n = 6) CAl neurones present compared with 270 ± 29 neurones on the no injection side.
CA I neurones in 2-AP H -injected hippocampus . Focal injection of 2-APH protected against is chaemic damage in the CAl region (F ig. 60). On the 2-APH-injected side, the number of CAl neurones present was 230 ± 25 (56% of control), compared with 144 ± 33 (35% of control) on the buffer-injected side (p < 0. 01) (F ig. 7B). The number of neurones in the CAl region of control material is 412 ± 8 (n = 4).
CA3 and CA4 neurones in buffer-injected hippo campus . Only two of eight showed severe pa thology of CA 3 and CA4 neurones (Table 5) severe loss of CA4 ( Fig. 6G) and CA3 neurones and a spongy neuropil (Fig. 6E ). Preserved neurones showed occasional type I cell change. CA3, CA4 neurones in 2-APH-injected hippo campus. In the three animals showing moderate to severe CA 3 pathology, 2-APH afforded protection (Table 5) , with increased preservation of CA3 neurone number and structure and reduction of oe dema in the neuropil (Fig. 6F ). In the CA4 neurones, no protection was seen.
Dentate granule cells in buffer-injected hippo campus. In two animals, moderate to severe damage was seen in the dentate granule cells; the cells were dark and shrunken with oedema in the hilus of the dentate fascia (Fig. 6G ). Damage to the dentate granule cells was mainly mild, with pre dominantly type I cell change.
Dentate granule cells in 2-APH-injected hippo campus. In three animals, the mild to moderate J Cereb Blood Flow Metab, Vol. 8, No. 1, 19 88 ( Fig. 6H ) damage of the dentate fascia was clearly attenuated. One animal showed severe damage on the "protected" side of the brain, although this was less severe than the buffer-injected side.
Systemic injection of 2-APH
Systemic injection of D( -)APH significantly in creased the number of CAl neurones present after ischaemia when compared with control ischaemic animals ( Fig. 5) . Animals receiving D( -)APH had 260 ± 32 CAl neurones present, compared with 116 ± 40 neurones (p < 0.05) in ischaemic control an imals.
Diffusion of 3H-APH
In both cases, the injection of 3 H-APH focally into the hippocampus remained unilateral in distri bution. In one case, the diffusion of the injection was limited to brain tissue, with no spread intra ventricularly. In this case, the injection spread from
--I-RfUSION
Oh 4h the fornix at the most anterior point (coordinates AP 6.0 from the interaural line) to the cerebellar cortex at the most caudal limit (coordinates AP 4.0 from the interaural line). The injection spread throughout the dorsal and ventral hippocampus. with some spread unilaterally into the thalamus around the injection site infiltrating the colli cuI us caudally and the anterodorsal thalamic nuclei at the most rostral limit.
In the second case, the focal hippocampal injec tion diffused into the ventricle, which gave a dif ferent pattern of diffusion through brain tissue. The injection spread from the lateral septal nucleus and fornix with limited invasion of cortex at the most anterior point (coordinates AP 7. 0 from the inter aural line) to the vermian lobules of the cerebellum via the ventricle at the most posterior point (coordi nates AP 2. 0 from interaural line). The diffusion of the injection was limited to the dorsal hippo campus, with some spread to the cortex and diffu sion into the structures surrounding the third ven tricle and the aqueduct, including the hypothalamus rostrally and the dorsal longitudinal bundle and periventricular grey substance. There was no spread to thalamic nuclei or the colliculi.
DISCUSSION
Regional cerebral blood flow
Degree of ischaemia
Ischaemia for 15 min results in marked heteroge neity of flow between the right and left sides of the hippocampus in individual animals. The variation in the degree of ischaemia produced within the hippo campus may help to explain the unilateral pa thology reported by Smith et al. (1984) for this model. Large side-to-side variations in flow at values close to the ischaemic threshold for damage to neurones may be enough to render one side of the hippocampus "ischaemic" relative to the other. Considerable interanimal variation in the degree of ischaemia achieved in the hippocampus is also evi dent and may contribute to the variable pathology reported for this model at 2-h reperfusion (Simon et aI. , 1984a) . 
Reperfusion
Many studies using different animal models have reported that transient cerebral ischaemia results in a short period of hyperaemia, followed by a period of hypoperfusion (Pulsinelli et al. , 1982b; Kagstrom et aI., 1983a,b) . Poor correlation exists between the severity of ischaemia and the degree of hyperaemia J Cereh Blood Flow Metah, Vol. 8, No. I, 1988 in the postischaemic period (Kagstrom et aI., 1983a) . The severity of the ischaemia may affect the duration of the hyperaemia in the cortex (Todd et al., 1985) . Broad correlation exists between the degree of ischaemia and the delayed hypoperfusion (Pulsinelli et aI., 1982; Kagstrom et aI., 1983a) .
At IS-min reperfusion following 30-min inc om- plete ischaemia, flow tended to increase most in the cortex, which also showed the most severe degree of ischaemia. Hippocampal blood flow at IS-min reperfusion was no different from control, in spite of a moderately severe ischaemia (blood flow re duced to 22% of control values), whereas the mod erate ischaemia induced in the thalamus (30% of control) resulted in a moderate hyperaemia at IS min reperfusion. At 2-h reperfusion, values for flow returned to control in all brain regions. Ginsberg et al. (198S) reported that flow had returned to control levels in the hippocampus, thalamus, and cortex 2 h after a 30-min unilateral period of forebrain ischaemia in the rat; the striatum alone showed significant hypo perfusion at this time of reperfusion. Pulsinelli et al. (1982b) report hypoperfusion persisting for 24 h.
Cerebral vessels are sensitive to a variety of neu rotransmitter systems in vitro (Toda, 1976; Ed vinsson et aI., 1981) and in vivo (Harper and Mack enzie, 1977) , and an effect of 2-APH on local blood flow in the region of the injection either during the ischaemia or the reperfusion phase is one way in which it may have its "protective" effect.
However, there was no difference in flow be tween the hippocampus receiving an injection of 2-APH and the buffer-injected side. Simon et al. (1984b) reported a considerable protection from is chaemic cytopathology by 2-APH 2 h after a 30-min period of ischaemia. Damage was reduced to <20% of neurones in most sectors of the 2-APH-injected hippocampus, as compared with >SO% of neurones in most sectors of the buffer-injected side. If neu ronal activity is linked to regional CBF then damage to > SO% of the neuronal population at this time may cause a reduced blood flow on the dam aged side of the hippocampus. However, flow seems to be preserved on both sides, implying that either the contribution of damaged neurones is not large enough to significantly affect flow measured in a sector of hippocampus or that factors other than neuronal viability are affecting vascular reac tivity in the postischaemic period. These may in clude oedema and vasogenic factors released from damaged endothelium. The fact that values for flow are within the normal range (no hypoperfusion is present) may lead us to conclude that the neurones that appear to be damaged at this time still retain some metabolic activity. The studies of long-term survival after a lO-min period of ischaemia show that the severe pathology present in CA 3 neurones at 24 h postischaemia is largely resolved at 7 days, whereas CAl neurones that appear to be viable at short reperfusion times (4 h) are severely affected at 7 days.
Development of pathology
Fed and fasted animals
Nutritional status of the animal affects the long term development of pathology and survival. The apparent improvement of pathology 24 h after isch aemia in fasted animals when compared with fed ones is probably linked to a less severe intracellular acidosis, resulting in less oedema (Paljiirvi, 1984) . No comparison between fed and fasted animals could be made at 7 days due to the failure of fed animals to survive this extended reperfusion pe riod. There was no evidence of generalized seizure activity in either the fed or fasted groups at 24-h reperfusion, as assessed by clinical observation. Limbic seizure activity may nevertheless con tribute to ischaemic pathology.
Delayed development of pathology in the CAl sector
After a transient period of incomplete forebrain ischaemia, the hippocampus shows cytopathology in CA3, CA4/polymorphic, and DG cells developing over a short time period (4 h).
The CAl pyramidal neurones show a delayed onset of cell damage. These neurones appear to be mildly affected up until 4 h after the ischaemic in sult, but after 24-h reperfusion, damage is most se vere in this sector of the hippocampus. After 7 days, severe loss of cell bodies (72% of control) and extensive gliosis were evident. A similar pattern of delayed onset of damage to CAl neurones has been reported previously for the rat (Pulsinelli et aI., 1982a) and gerbil (Kirino, 1982; Kirino and Sano, 1984a,b) following a period of complete ischaemia.
The study of Smith et al. (1984) , using a model of transient forebrain ischaemia with 7-day survival, indicated a similar sensitivity of CAl neurones to 10 min of incomplete ischaemia, with >90% of CAl pyramidal neurones damaged. However, these au thors assessed damage by counting the number of acidophilic neurones in the total neuronal popula tion. In our study, very few damaged neurones were present at 7-day survival (the occasional dark cell was seen in the CA4/polymorphic region). Pa thology was evident as cell loss accompanied by extensive gliosis; the remaining CAl pyramidal neurones appeared to be normal.
The delayed onset of damage after ischaemia im plies that the development of neuronal pathology is linked to further events in the postischaemic pe riod. There is a growing body of evidence to sup port a unified excitotoxic hypothesis of cell damage (see Meldrum, 1981; Meldrum et aI., 1985) , postu lating that selective neuronal loss after ischaemia and status epilepticus is due to a common mecha nism involving increased excitatory activity and raised intracellular calcium concentration.
The excitotoxic hypothesis
Prolonged seizure activity of 2 h or more dura tion results in damage to the hippocampal pyra- Vol. 8, No. I, 1988 midal neurones. Damaged neurones showing "is chaemic cell change" contain large deposits of cal cium, frequently sited in disrupted mitochondria (Griffiths et aI., 1983) . The accumulation of mas sive amounts of intracellular calcium presumably results from excessive entry of calcium across the cell membrane during prolonged burst firing, either through agonist-operated channels or through voltage-dependent channels (Meldrum, 1983) .
Hippocampal pyramidal neurones are particu larly sensitive to ischaemia; periods of ischaemia as short as 2 min in duration result in irreversible cell damage (Smith et aI., 1984) . There is considerable evidence to support a role for ionic imbalance, in volving raised cytosolic calcium content, in cell death. Extracellular microelectrode recordings show that brain extracellular fluid calcium levels fall when ischaemic thresholds for flow are reached (Harris and Symon, 1984) , representing an intracel lular movement of calcium. Electron microscopy with the oxalate/pyroantimonate procedure shows that during reperfusion, after a period of transient forebrain ischaemia in the rat, damaged neurones contain large intracellular deposits of calcium in their mitochondria (Simon et aI., 1984a) . Re cordings using microelectrodes from the CAl re gion of the hippocampus demonstrate burst firing of neurones for up to 24 h after an ischaemic insult (Suzuki et aI., 1983) . Entry of calcium into the cell during burst firing may be one of the mechanisms contributing to cell death.
An increase in excitatory activity during reperfu sion after ischaemia would involve the excitatory neurotransmitters of the hippocampus, principally glutamate and aspartate. The extracellular concen tration of these amino acids has been shown to in crease during ischaemia; levels of glutamate and aspartate rise eightfold and threefold, respectively (Benveniste et aI., 1984) . The release of excitatory amino acids from nerve terminals may also be af fected by ischaemia; the K + -induced release of 3 H_ aspartate from cultured glutamatergic neurones in creases 2-3-fold under ischaemic conditions (Drejer et aI., 1985) . The NMDA class of excitatory amino acid re ceptor is closely involved with burst firing. Inoto phoresis of NMDA onto rat caudate neurones re sults in a pattern of neuronal firing (paroxysmal de polarising shift accompanied by burst firing) commonly associated with epileptic activity (Herrling et ai., 1983) . Electrophysiologic evidence shows that the action of the excitatory amino acids at the NMDA receptor is accompanied by large in ward calcium currents.
Dissociated cultures of hippocampal neurones show an acute pattern of cell death (with immediate swelling) and a delayed form of cell death in re sponse to anoxia or exposure to excitatory amino acids (Rothman, 1983 (Rothman, , 1985 Choi, 1985) . The de layed form of death is dependent on the presence of an adequate concentration of extracellular calcium at the time of the initial exposure to glutamate (Choi, 1986) .
The partial protection of hippocampal neurones from ischaemic damage by 2-APH (a specific antag onist at the NMDA receptor) supports the hy pothesis that delayed cell death in part results from excessive excitatory activity involving the NMDA receptor.
Vulnerability of CAl neurones
The particular sensitivity of the CAl neurones to ischaemia may be related to the increased excit atory activity recorded in this region during reper fusion after ischaemia (Suzuki et aI., 1983) . The up take of the 45Ca is maximal in the CAl region of the hippocampus after an ischaemic insult (Dienel, 1984) .
Selective vulnerability of CAl neurones could be linked to local disturbances of the microcirculation during reperfusion, resulting in energy failure in lo calised regions. Yasumoto et al. (1985) investigated energy metabolites in small regions of the hippo campus during reperfusion and showed that the en ergy pool was compromised only at 2-4 days post ischaemia, when CAl pathology was already evi dent.
Protection from ischaemic damage by blockade of excitatory neurotransmission by 2-APH
Focal protection
At 7-day reperfusion following ischaemic insult, a significant protective effect of 2-APH on CAl py ramidal neurones was observed, with 44% of CAl pyramids still lost compared with 65% lost in is chaemic controls.
This only partial protection may be explained by incomplete blockade of excitatory activity. The an ticonvulsant effect of 2-APH is of 3-6-h duration (Meldrum et aI., 1983) ; the last focal injection of 2-APH was made at 10-h reperfusion, leaving a period from 14 h onwards with little or no protec tion. As 2-APH is a competitive antagonist of the NMDA receptor, any increase in extracellular amino acid concentration during ischaemia and re perfusion could attenuate the protective action of receptor blockade.
Possibly competitive or noncompetitive antago nists of NMDA receptors with a longer time course of action would give enhanced protection. How ever, other excitatory receptor subclasses also present on the dendrites of the susceptible CAl neurones may be involved. Changes in quisqualate receptors in the first 2 days of reperfusion following transient forebrain ischaemia have been reported (Westerberg et aI., 1987) .
Side-to-side variation of ischaemic pathology Smith et al. (1984) reported occasional significant variation in the pathology of CAl neurones in left and right sides of the same brain. They reported this to occur in 2 animals after 8 min of forebrain ischaemia.
In our control ischaemic material, large side-to side variation was not seen. In our experimental, focally injected brains, the side of the 2-APH and buffer injections was varied, so any systematic dif ference in side-to-side pathology would be un likely to affect the results in favour of 2-APH pro tection.
Damage due to focal injection
When repeated injections of buffer were made into one hippocampus and a comparison was made with the contralateral hippocampus receiving no in jection, CAl cell counts revealed no significant dif ference in the number of neurones present after ischaemia. This result seems to support the hy pothesis that the injection alone is not causing damage. However, in these control experiments, ischaemic brains received a total of 3 fLI by focal injection, whereas experimental brains received a total of 6 fLl. These control ischaemic brains con tain many more neurones on their buffer-injected side than did the experimental brains. Protection may still be influenced by mechanical damage due to the volume of injection. In order to resolve this problem, protection by systemic injection of 2-APH was investigated.
Systemic protection
Rats receiving multiple systemic (i. v.) injections of 2-APH showed an increased preservation of CAl neurones when compared with control ischaemic animals. The number of CAl neurones preserved after ischaemia in the control animals (116 ± 40) was no different from the number preserved in the buffer-injected side of the brain of focally 2-APH injected animals (144 ± 33). Protection was of the same order of magnitude (around twofold) in both focally and systemically injected animals, sup porting evidence for a true protective effect against delayed ischaemic pathologic change.
Protection from ischaemic damage by NMDA an tagonists has been demonstrated recently in other animal models. Systemic 2-APH protects gerbils from ischaemic brain damage (assessed in terms of functional consequences and hippocampal cell loss) (Boast et aI. , 1987) . The noncompetitive NMDA antagonist MK801, given systemically up to 24 h after the ischaemia, protects from hippocampal cell loss in a gerbil model of cerebral ischaemia (Foster et aI. , 1987) .
Extent of diffusion of focal 3H-2-APH
The experimental protocol compares the buffer injected hippocampus with the 2-APH-injected contralateral hippocampus of the same brain. It is also important therefore to establish that a focal in jection of this volume (l j..L 1 in 3 min) remains unil . at eral and to ascertain the tissue area through which the 2-APH would diffuse.
The diffusion of the 3 H-2-APH focal injection is more extensive (throughout the extent of the dorsal hippocampus >4 mm) than predicted by the area of protection (2 mm in diameter) (Simon et aI. , 1984) . The effective dose of 2-APH is presumably greatly reduced at the periphery of the area of diffusion and may fail to give protection in this area. The ex tent of the diffusion of 3 H-2-APH depended on whether or not the injection volume invaded the ventricles. However, diffusion was always unilat eral with respect to the hippocampus.
Mechanism of action of 2-APH The mechanism of action of 2-APH in protecting hippocampal neurones from ischaemic brain damage does not depend on alterations in local blood flow either during ischaemia or up to 2 h re perfusion.
2-APH does not affect flow significantly during either the ischaemia or the reperfusion phase. Values for flow are based on regional tissue dissec tion and may mask small changes in flow within the hippocampus, which autoradiography may reveal. An effect by changes in local pH is precluded by focal injection in phosphate buffer, pH 7.3. A pre liminary report studying vascular tone following exposure of isolated feline middle cerebral arteries either to excitatory amino acid agonists (NMDA, kainate, or quisqualate) or NMDA antagonists (thiony\cyclohexyl piperidine or 2-amino-5-phos phonovalerate) found no cerebrovascular effects at tributable to action at NMDA or glutamate re ceptors (Duverger et aI. , 1987) .
The pathology of the CAl neurones develops over several days, when measurement of energy rich compounds shows no disturbance of oxidative metabolism, implying that local disturbances of cir culation are not involved in this pathology (Yasu moto et aI. , 1985) .
The protection afforded by 2-APH at longer sur vival periods applies particularly to the CAl neu ronal subpopulation of the hippocampus. The J Cereb Blood Flow Metab, Vol. 8, No. I, 1988 mechanism of action of 2-APH is probably by blockade of excitatory neurotransmission, inhib iting burst firing in ischaemic hippocampal neurones, reducing entry of extracellular calcium and toxic cell death.
In support of evidence that pharmacologic blockade of excitatory neurotransmission can pro tect from ischaemic brain damage is experimental work from Diemer and colleagues showing that de layed neuronal death in CAl is dependent on intact glutamatergic innervation (Johansen et aI. , 1987) . Lesioning of the excitatory input to the hippo campus either pre-or postischaemia affords good protection to CAl pyramidal neurones. This sup ports the hypothesis that increased excitation during reperfusion after the ischaemic insult may be critical in initiating delayed cell death. Studies of regional cerebral blood flow have shown that 2-APH does not change hippocampal flow during or after forebrain ischaemia. Thus, a vascular compo nent to the protective action of NMDA antagonists appears unlikely.
However, Block (1987) has failed to show protec tion with 2-APH in the four-vessel occlusion model of ischaemia in the rat. 2-APH was administered ei ther by mUltiple focal injection or by continuous in fusion. The explanation for this discrepancy in re sults may lie in the severity of this insult (30 min of complete cerebral ischaemia). The less severe in sult of 10 min incomplete forebrain ischaemia may reveal protection more easily.
Therapeutic application
The long-term protection of hippocampal neurones from the delayed development of is chaemic cell damage supports the excitotoxic hy pothesis of cell death. The possibility of protecti�g from ischaemic brain damage by blockade of excit atory neurotransmission during the initial reperfu sion period after a transient ischaemic insult has important clinical implications for treatment, par ticularly after transient circulatory arrest. The de velopment of longer acting excitatory amino acid antagonists capable of crossing the blood-brain barrier may extend the degree and period of protec tion and facilitate clinical use. 
